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Abstract 
Over the last years, varieties of technologies for biofilm analysis were developed and 
established. They work on different principles and deliver information about biofilms on 
different information levels. In this work, chip-calorimetry was applied as an analytical tool 
that measures heat produced from biofilms. Any change of metabolism in biofilms is reflected 
by a changed heat flow. The heat, which is the integral of the heat flow vs. time, is 
quantitatively related to the growth stoichiometry of the biofilm, as described by the Hess’ 
Law. The heat flow is related to the growth kinetics with the reaction heat as proportionality 
factor. The results from the calorimetric measurement thus, deliver general information about 
growth stoichiometry and kinetics.  
The other interpretation of calorimetric results bases on the assumed proportionality 
between heat flow and oxygen consumption rate (-460 kJ mol -1). This ratio is called 
oxycaloric equivalent. Because in case of aerobic growth the majority of oxygen is consumed 
in catabolic processes during the electron transport phosphorylation, calorimetry is assumed 
to provide information about the catabolic side of the metabolism. 
The newly developed chip-calorimeter applied in this work is much more suitable for 
biofilm studies compared to conventional microcalorimeters due to the flow-through design of 
the calorimetric chamber. The measurement of undisturbed growing biofilms and the 
comparison with conventional biofilm analysis tools (i.e. plate counts, confocal laser scanning 
microscopy (CLSM), and the determination of intermediates’ concentrations (e.g. ATP)) 
demonstrate the proper functionality of the calorimetric method and the related cultivation 
procedure by delivering measurement results in the range of literature values.  
However, when the biofilms were challenged with antimicrobial agents i.e. antibiotics, 
bacteriophage, and predatory bacteria, the calorimetric results surprisingly deviated from the 
reference analyses. By combining the results of the calorimetric and reference analyses, 
additional information about the antimicrobial effects on biofilms can be acquired. 
Combination of heat measurement and plate counts, which is one of the most conventional 
approaches, demonstrated that antimicrobials (especially the bactericidal acting kanamycin) 
could cause the loss of culturability while the cells were still metabolically active. The 
measurement of ATP content resulted in values out of the typical range, which indicated that 
antimicrobial treatments disturbed the cellular ATP regulation and the ATP concentration was 
no longer linearly correlated to the cell number. ATP measurements are therefore not suitable 
for antimicrobial susceptibility testing.  
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The comparison of heat profiles with the biovolume determined by quantification of 
microscopic images shows an elevated cell specific heat production rate after the introduction 
of some antimicrobials (antibiotics and bacteriophage). In case of antibiotics, this can be 
explained as a consequence of the bacterial defense mechanisms. Most of the described 
defense mechanisms against antibiotics need biological energy and therefore drive the 
electron transport phosphorylation (ETP). In case of biofilm treatments with bacteriophage, 
the trigger of increasing ETP might be the synthesis of phage proteins, hull material, and 
genetic information molecules. In aerobic conditions, oxygen is used as terminal electron 
acceptor. Elevated ETP leads therefore to an increase in oxygen consumption, which 
correlates to the heat production using oxycaloric equivalent as a factor. These correlations 
explain the increase of cell specific heat productions as biofilms were challenged by 
antibiotics and bacteriophage. However, also a decrease of specific heat production was 
observed (in case of predatory bacteria). Here, the predatory bacteria activity caused various 
damages in host cells, including the interruption of ETP.  
With these experiments, chip-calorimetry was demonstrated as a promising complementary 
tool in biofilm research, which provides deeper insights about metabolic activity and 
alterations. It benefits from the noninvasive handling and the online, real-time measurement 
that allow the method to be applied for monitoring purposes. Furthermore, its miniaturized 
dimension allows easy integration in more complex analytic systems and also reduces 
experiment costs with minimal media/chemical consumption.  
This thesis also demonstrates the potential development of chip-calorimetry to be more 
suitable for routine analyses. The use of superparamagnetic beads as matrix to grow biofilms 
allows regulated transfer of biofilm samples into and from the measurement chamber. This 
was an initial step towards automation and higher-throughput analysis.  
One further outcome of the thesis is based on the highly interesting fact about the elevated 
heat production rate of the host cells induced by the phage infection observed in the chip-
calorimetric experiments. The volume specific detection limit of the chip-calorimeter is lower 
compared to a commercial microcalorimeter. Thus, the infection effect of phages was 
additionally measured in microcalorimeter to get better quantitative information about the 
thermal effect of the infection. The results showed that the immediate heat increase after the 
addition of phage into the solution of the host cells appeared to be quantitatively related to the 
infection factor, MOI (Multiplicity of Infection). 
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Unfortunately, microcalorimetric measurements in closed ampoules are often subjected to 
the oxygen limitation. Thus, this problem of microcalorimetric measurement has been 
addressed. The combination of experimental results and mathematical modeling showed that 
the rate of metabolism in the static ampoules is defined by the diffusion rate of oxygen into 
media. This factor has to be considered while designing biological experiments in closed 
calorimetric measuring chambers and interpreting the calorimetric results for their biological 
meaning. Some possible solutions to overcome the oxygen bioavailability problem are e.g. to 
design the experiments with low biomass, or by using media with elevated density to float the 
biomass at the interface to air and thus to reduce the diffusion path. 
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1. Introduction 
Most persistent infection diseases are related to the pathogenic bacterial settlement as 
biofilms. In industry, biofilm formation is a useful approach to immobilize whole cell 
catalysts. However, undesired growth of biofilms in industry, for example as contaminant in 
food manufacturing or as heat insulation in cooling pipelines, can cause immense economic 
loss, both in time and cost investment for the disinfection processes and in reduced product 
quality. This issue becomes even more significant as the biofilms develop various 
mechanisms that increase resistances against the available antimicrobials. The resistance can 
be up to 1000 times higher than in planktonic cells. This leads to the rising necessities of 
control strategies, which is accompanied with the demand of suitable methods to analyze and 
to monitor biofilm condition, e.g. to detect the effectiveness of the new control approaches.  
While some advanced methods are specially developed for biofilm analysis (e.g. advanced 
microscopy combined with staining techniques), many other methods are adapted from 
methods for planktonic bacteria. The major problems thereby are the invasive sample 
preparation and the related information loss due to the disruption processes, the intensive 
manual handling that impairs the reproducibility of the analytic methods, and no possibility of 
long term monitoring and method automatization. 
For monitoring purposes in biofilm studies, the method essentially has to work online and 
gives real-time data without invasive disruption of the biofilm. The recently developed chip-
calorimeter fulfils these requirements. It is a miniaturized calorimeter, which has the 
additional benefits of low media and chemical consumption, relatively low cost per analysis, 
and short thermal equilibration time. For biofilm studies, the flow-through design of the 
calorimeter is an advantage that represents the conditions of the non-laboratory biofilms better 
than the static system. It also minimizes the signal interference caused by the activity of 
detached cells. 
In this work, capacity and information level of the calorimetric method were tested by 
analyzing the heat production profiles during the eradication process of mature biofilms and 
the prevention of biofilm formation with chemical or biological agents. Antibiotics were 
chosen as example of chemical agents because they represent the most widespread 
antimicrobial and antibiofilm agents, which at the same time are challenged by the problem of 
raising bacterial resistance. As biological agents, bacteriophages and predatory bacteria were 
chosen as a potential solution to the emerging antibiotic resistance. While bacteriophages are 
viruses that are inanimate objects and metabolic inactive, predatory bacteria are living cells 
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that actively infect other cells. The results were combined with the ATP measurements, 
quantification of biovolume, and plate counts. Later, a further developed chip-calorimeter was 
applied to quantify the effect of silver nanoparticles (AgNps) on the activity of biofilm grown 
on superparamagnetic beads.  
Following the chip-calorimetric observation of activity changes in bacteriophage infection 
of biofilms, an experiment was designed to quantify this effect. For this, a more sensitive 
calorimetric method was required. Experiments were therefore carried out with planktonic 
cultures in a conventional isothermal microcalorimeter (IMC). For this analysis, the 
planktonic culture was preferred, among other reasons, because it allows a more accurate 
setting of initial phage titers.  
IMC is a method that has been established and commercialized. The application stretches 
from chemical to biological analytics. However, no study has aimed to investigate the oxygen 
availability in the ampoules of calorimeter, which are designed without stirring or agitation. 
For biological studies like the ones performed in this thesis, oxygen availability has a crucial 
role. Therefore, to complete this work, experimental and modelling analyses were carried out 
to describe the oxygen availability for ampoule measurements. The results are expected to be 
a basic consideration for any biological experiment design in ampoule microcalorimetry. 
 
  
 2. Fundamentals/Backgrounds
Biofilm is the most ubiquitous li
enhanced protection against fluctuation
Understanding the fundamentals of biofilm
control and also to design suitable analytical tools. This chapte
formation process, characteristics, and the 
some of the most significant antibiofilm approaches and 
2.1. Biofilm  
Biofilms are aggregates of microbia
a self-produced extracellular polymeric matrix (EPS). This definition also includes cell 
aggregates in flocculent forms [Corteston et al. 1995]. Over 90% of bacteria in nature live 
associated as biofilms. Some authors even suggested to consider the natural lifestyle of 
bacteria as multicellular organisms with biofilm as the most common structure in the nature, 
while free living planktonic form only occurred temporarily e.g. as consequence of 
detachment [Saphiro 1998, Watnick and Kolter 2000, Jefferson 2006]. 
Biofilm formation typically follows these four main steps (Fig. 1):
(1) initial attachment; cell adhesion to surface
(2) forming of EPS; stronger attachment of cells to the surface and between cell
(3) biofilm maturation; 3D structure of biofilms with pores and channels
(4) dispersal of single cells or cluster of cells
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Biofilms can consist of one species. However, most of the biofilms in nature are 
multispecies biofilms. Interactions between species in biofilms can be beneficial or 
antagonistic. Synergistic interaction can be observed for example where some species play the 
role of the initial colonizer and provide a suitable environment for other species to adhere 
(e.g. in oral biofilm the initial colonizers S. mutants and S. gordonii are followed by 
Lactobacillus and P. gingivalis) [Elias and Banin 2012]. The horizontal gene transfer between 
species is also particularly facilitated by the dense population in biofilms. This is in general 
beneficial for the cells, for instance to facilitate the spreading of antibiotic resistance genes 
[Schwartz et al. 2003]. Another example for beneficial interactions is the utilization of 
metabolic by-products of one species by another species [Elias and Banin 2012]. Antagonistic 
interactions can occur e.g. as competition over nutrients or synthesis of enzymes or other 
products that negatively affect other populations (distraction of the intercellular 
communication, disruption of the species specific exopolymeric matrix, or dispersal 
induction) [Rendules and Ghigo 2012]. 
2.1.1. Biofilms in nature, industry and medical environments 
Very frequently biofilms in nature display symbiosis between prokaryotes and eukaryotes. 
These can be observed in placid areas like freshwater rivers and contribute e.g. in self-
purification of water bodies from pollutants [Tien et al. 2011]. Also in areas with unusual 
conditions (e.g. very high metal concentration, extremely low pH), occurrences of biofilms 
have been reported [Jiao et al. 2011]. Biofilms are also discovered associated with higher 
organisms, both animals and plants, where they affect the host organisms in various manners. 
Rhizobacteria form biofilms that colonize plant roots and help the host plants in nitrogen 
fixation [Di Palma et al. 2012]. The aquatic environment supports the establishment of 
biofilms in particular. Studies of biofim formations on marine organisms (e.g. algae, sponge, 
fish, and crustacean) have been reviewed in detail by Wahl et al [2012]. 
Apart from its existence in nature, biofilms play an important role in industry. The 
applications of whole cell microorganisms as biocatalyst are widespread. Biomass 
immobilisation via biofilms has the advantages that the biocatalyst can be used repeatedly, 
less energy is required to renew and maintain the biocatalyst, and continuous bioprocesses are 
possible [Salter and Kell 1991, Desimone et al. 2009]. This approach has been successfully 
implemented in various lab-scale processes [Weuster-Botz 1993, Qureshi et al. 2005, Hekmat 
et al. 2007]. However, a commercial implementation in industry is still limited [Halan et al. 
2012, Rosche et al. 2009]. The main reason that holds back wider industrial application is the 
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complexity in biofilms. Biofilm growth and integrity are influenced by complex factors that in 
one hand present high prospect for optimization, but in the other hand challenge with potential 
fluctuation in productivity and product quality [Rosche et al. 2009]. Wastewater treatment is 
probably the most conventional industrial application of biofilms. 
Biofilms also grow undesired on surfaces of man-made constructions. This causes an 
alteration of the metallic material properties, which is referred to as microbial influenced 
corrosion (MIC) [Beech et al. 2005]. MIC is a common issue in naval ships, which shortens 
the life span of the ship hulls. Furthermore, microcolonization on ship hulls’ surface supports 
further colonization by macroorganisms like mussels and barnacles, which significantly 
increases friction and turbulence and results in ineffective power usage up to > 80% for 
cruising ships [Schultz 2007]. MIC in drinking water distribution systems causes material 
degradation and an evolution of colour and odour of the water [Hallam et al. 2001]. A more 
significant problem of biofilm growth in drinking water systems is the rising occurrence of 
pathogenic microbes such as Legionella spp [Berry et al. 2006] and Vibrio cholerae [Simoes 
et al. 2010a].  
 In food industry, biofilm formation raises health concerns as some cases of biofilm 
formation containing pathogenic strains have been reported (for example in milk [Latorre et 
al. 2010], fish [Guobjomdottir et al. 2005], or meat processing [Sofos and Geornaras 2010]). 
In non-food industry, naturally occurring biofilms cause economic losses, not only related to 
the material degradation by biocorrosion, but also by lowering the yield of heat transfer [Shi 
and Zhu 2009]. Further indirect economic losses are related to the laborious cleaning 
processes and the corresponding production down-time [Lahtinen et al. 2006]. 
 In medical environment, biofilm formation has been long acknowledged as a major issue 
for persistent infections [Corteston 1987]. Bacterial settlement as biofilms has been related to 
the occurrence of chronic wounds [James et al. 2008]. Infection with biofilms of 
Pseudomonas aeruginosa is a common complication in immune-compromised cystic fibrosis 
patients. It occurrence leads to both acute and chronic lung inflammation that rises the 
morbidity and mortality rates of the patients [Wagner and Iglewski 2008]. The applications of 
medical indwelling devices such as intravenous catheters, joint prostheses, or cardiac 
pacemaker present a potential risk of biofilm formation on the surface of the devices [Hall-
Stoodley et al. 2004]. Biofilms formed on dental surfaces are known as dental plaque and 
leads to various oral diseases like caries and paradontitis [Jakubovics and Kolenbrander 
2010]. 
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2.1.2. Approaches to control biofilms  
There are various approaches to control undesired biofilm growth, which include 
preventively avoiding biofilm formation and intervention against established biofilms. These 
approaches can be categorized according to the target of the treatments. 
1. Modification of the substratum  
Biofilm formation always starts with the initial attachment of cells on the surface. A 
possible approach to prevent biofilms on synthetic surfaces is thus to hinder the bacterial 
adherence. This step relies on the physicochemical characteristics of the material. Advanced 
material designs use an artificial surface modification to target these characteristics. As 
example, an engineered microtopography surface showed significant reduction of bacterial 
adhesion and was presented as a potential approach to reduce infection potential in indwelling 
medical devices [Chung et al. 2007]. Prevention of bacterial colonization was also 
demonstrated using a negatively charged polymer surface [Jansen and Kohnen 1995] and 
hydrophobic polycationic coatings [Schaer et al. 2012].  
Another option is to embed substances with antimicrobial properties on the material 
surface. For example, surface coating with nano-silver particles [Samuel and Guggenbichler 
2004] or antibiotics [Raad et al. 1995, Park et al. 2003] significantly suppressed bacterial 
adhesion. Also biological control agents are applicable for antibiofilm surface pre-treatment. 
A successful reduction of biofilm formation on catheters with embedded bacteriophages in 
hydrogel coating up to 99.9% has reported by [Fu et al. 2010]. 
2. Disruption of biofilm integrity  
Other approaches aim to disrupt the biofilm structure. Scrapping biofilms from the surface 
is the easiest way to remove biofilms and is thus very frequently applied for simple purposes 
like in households. However, it does not remove biofilms thoroughly and has low 
reproducibility [Gagnon and Slawson 1999]. Thus, for industrial or medical purposes is 
scrapping alone not sufficient. Other applications of physical forces are e.g. by alternating 
bulk liquid velocity to increase shear forces and to create turbulences or by introducing micro-
bubbles to stimulate biofilm sloughing [Sharma et al. 2005]. Also the utilization of ultrasonic 
waves has been reported to induce biofilm dispersal. Often this strategy is supported by 
chemical treatment e.g. by adding proteolytic enzymes [Oulahal-Lagsir et al. 2003]. 
Non-mechanical disruption of biofilm integrity is among others achieved by interfering the 
inter cell communications known as quorum sensing system [Hentzer and Givskov 2003]. 
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Quorum sensing has a crucial role in biofilm formation and maintenance. Therefore, quorum 
sensing inhibitors have been suggested for antibiofilm treatments, both at the prevention level 
[Balaban et al. 2003] and at the biofilm treatment level [Balaban et al. 2007]. Furthermore, the 
influence of nutrient levels in biofilm integrity has been demonstrated in various studies. 
Both, nutrient starvation [Hunt et al. 2004] and sudden increase of carbon source [Sauer et al. 
2004] can induce biofilm detachments. 
3. Killing/inactivation of biofilm cells  
Biofilm control can also be carried out on cellular level by inactivating biofilm cells using 
antibacterial agents. Chemical agents such as antibiotics and biocides are commonly applied 
against biofilms and the mode of actions has been intensively studied [Abdi-Ali et al. 2006, 
Grant and Bott 2005]. The inactivation effects are typically tested on planktonic cells and are 
expressed as MIC (minimal inhibitory concentration) or MBC (minimal bactericidal 
concentration). However, because biofilm cells have an elevated protection level compared to 
planktonic cells, biofilms have to be treated with higher concentrations of antimicrobials than 
the determined MIC or MBC values for planktonic culture. Apart from treatments of mature 
biofilms, prophylactic applications of chemical agents to prevent biofilm establishment have 
also been implemented [Danese 2002]. With the increasing use of antibiotics and other 
chemical agents in the last decades, many cases of bacterial resistance have been reported. 
Major concerns arise from ‘superbugs’ bacteria that have developed multidrug resistance 
[Breidenstein et al. 2011].  
The emerging issues of resistance have motivated the development of biological agents as 
alternatives to the chemical agents. Biological agents like bacteriophages can counteract 
bacterial resistance dynamically. For instance, when bacteria develop protection against 
phages by altering the phage receptor sites, some phages can adapt to recognize the new 
receptor [Liu et al. 2002]. An overview of bacteriophages counteract mechanisms against 
bacterial resistance is given by Labrie et al. [2010].  A further benefit of biological agents is 
their ability to multiply within the biofilms and thus to achieve the concentration required to 
eradicate the biofilms [Labrie 2010]. Nevertheless, some factors have to be taken into account 
while applying biological agents against undesired biofilms, particularly for medical purposes 
in animals or humans. By the application of broad spectrum biological agents, it has to be 
taken into account that not only the harmful biofilms but also the vital native bacteria could be 
disturbed. Also it is crucial that the hosts’ eukaryotic cells are not interfered. Furthermore, the 
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potential response of the human or animal immune system to deactivate the biological agents 
has to be considered.  
Following are examples of biological agents: 
- Lytic bacteriophages are viruses that infect bacterial cells and manipulate the host 
metabolism to synthesize new virus particles, which are released by the lysis of the host cells. 
Phages are highly specific. This is advantageous because specific phages for the known 
pathogen can be applied without affecting the native bacteria. Against multispecies biofilms, 
mixture of phages, known as phage cocktail, can be applied [Hanlon 2007]. 
- Predatory bacteria are bacteria that actively prey and consume other bacteria. The model 
organism of this group is Bdellovibrio bacteriovorus that broadly attacks gram negative 
bacteria [Yair et al. 2003]. Predatory bacteria attack prey cells in a less specific manner, 
which minimizes the potential of resistance evolution because the prey bacteria barely 
develop defence mechanism against unspecific interventions. 
- Enzybiotics is a developed approach in the application of biological agent. Here enzymes 
derived from bacteriophages are applied. The enzymes (lysins) induce the lysis of the 
bacterial cell wall [Veiga-Crespo et al. 2006].  
Control of biofilms is subject of many studies and is a fast growing field resulting in 
development of various novel strategies. The above mentioned methods are only few 
examples of existing approaches. Some reviews of the current and emergent control strategies 
are given by Francolini and Donelli [2010] and Simoes et al. [2010b]. 
2.1.3. Resistance of biofilms against antibiotics 
The physiological characteristics of bacteria living in biofilms are different than of 
planktonic bacteria. Biofilm cells have altered gene expressions such as decreased expression 
of flagellar formation gene, and increased expression of genes related to intercellular adhesion 
and EPS production [Hall-Stoodley and Stoodley 2005]. EPS production and the formation of 
3D architecture bring physical protection of biofilm structure. The changes of the physiology 
in general provide additional protection for the cells against fluctuation of environmental 
conditions such as pH, shear force, and toxic substances. Against antibiotics or biocides, 
biofilms are reported to have MIC of 10-1000 folds higher than in planktonic systems. The 
mechanisms that increase the resistance of biofilms to antibiotics are categorized as following 
[Mah and O’Toole 2001, Høiby et al. 2010]: 
  
14 
 
(1) Penetration barrier by EPS. Diffusion of substances from the bulk liquid, including 
antibiotics, is partially hindered. Some antibiotics were observed to interact with component 
of EPS, e.g. positively charged aminogycoside antibiotics bound to negatively charged EPS 
component alginate. By this, the concentration of antibiotics reaching the cells is reduced 
[Gordon et al. 1988].  
(2) Slow growth and stationary phase physiology of cells in the inner part of biofilms. In 
the inner part of biofilm occurs a limitation of nutrients and oxygen. The cells are thus 
metabolically less active and grow slower. This apparently disadvantageous condition has 
benefit in case of antibiotic presence, because slow growing cells are less susceptible to 
antibiotics than fast growing cells [Gilbert et al. 1990].  
(3) Stress response is a protective mechanism in bacteria against environmental adversity 
(e.g. efflux pumps to remove the antibiotic from the cell interior) [Ito et al. 2009]. This 
mechanism is found in both biofilms and planktonic systems.  
(4) Increased horizontal gene transfer caused by dense cell population supports 
development of mutations, including development of multidrug resistance [Schwartz et al. 
2003]. 
(5) Formation of persistent cells with reduced antibiotic susceptibility or with elevated 
ability to adapt if exposed to antibiotics. Persistent cells are considered as a consequence of 
phenotypic variation. The offspring of the persistent cells usually grow as a population of 
cells with normal antibiotic susceptibility. This makes persistent characteristic difficult to 
isolate and to study, thus less is known about the formation [Gefen and Balaban 2009] 
(6) Increased intercellular communications known as quorum sensing (QS) in biofilms. 
The exact role of QS in elevated resistance against antibiotics is not completely understood. 
However it was demonstrated in several studies that in case of restricted QS, biofilms became 
more susceptible to antibiotics [Bjarnsholt et al.  2005, Brackman et al. 2011] 
It is likely that the antibiotic resistance of biofilms is not provided by a single defense 
mechanism, but by a combination of several mechanisms. For instance, the delayed 
distribution of antibiotics and enhanced intercellular communication might give the cells 
sufficient time and efficiency to activate the general stress response, thus a better chance to 
resist the detrimental effects of the antibiotic. 
The fact that biofilms have higher tolerance to antibiotics than the planktonic counterparts 
clearly indicates that antibiotic susceptibility tests have to consider the characteristic 
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properties of biofilms. In other words, investigation on biofilms cannot be replaced by the 
usual tests using planktonic cells. Also the analytic methods for the tests have to be suitable 
for biofilm systems. 
2.2  Biofilm analytical tools 
There are varieties of methods applied in biofilm studies. Each of them has different 
measurement principles, gives information about biofilm from various aspects, and has their 
own advantages and limitations. Here, a few methods are categorized in the attained 
information. 
1. Detection/quantification of biomass 
The most conventional approach for quantification of active biofilm cells is to enumerate 
the colony forming units (cfu) with plate counts, which is an adaptation from a method for 
planktonic cells. Therefore, the biofilm structure has to be disrupted before analysis. This is 
followed by a serial dilution of the cell suspension and the spreading of the dilution series on 
agar plate. The cells replicate during the incubation time and form visible colonies. The 
colonies are counted and this number is multiplied with the dilution factor to estimate the cell 
number. This approach assumes that each colony was delivered from a single cell. However, 
cells in aggregates (e.g. as a consequence of incomplete biofilm disruption) will also appear 
as single colonies, which leads to underestimation of the cell numbers. Furthermore, this 
method is a cell multiplication based method and is thus time consuming and cannot include 
viable but non-culturable (VBNC) cells. A further drawback of this method is the imprecision 
that relates to a lot of manual handling, a potential loss of cells integrity during the biofilm 
disruption process, and dependency on the culturability of the cells on the chosen agar. The 
result of this method has been reported to deviate up to ten fold less than the value determined 
by other methods [Yu and McFeters 1994]. However, plate count is applied widely because it 
is easy and causes low cost per determination.  
The next conventional method to quantify biofilm biomass utilizes crystal violet (CV) 
staining and was first described in 1985 [Christensen et al. 1985]. CV binds in unspecific 
manner to the negatively charged components in biofilms. After a short incubation time, the 
system is washed with buffer to remove planktonic cells. The stain maintained in the biofilm 
cells is then extracted with an organic solvent and the optical density is determined at 590 nm. 
This method is not specific, gives no information about cell viability or activity, and has low 
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reproducibility due to the potential of cell loss during washing procedure. However it is easy, 
fast, and not expensive. 
Biomass can be quantified indirectly by determining the ATP content. This approach is 
also adapted from method for planktonic culture. After dissolving the biofilm structure, the 
cells are chemically disrupted and the ATP content is determined using the bioluminescence 
principle. In the bioluminescence process, enzyme luciferase catalyses a reaction between the 
added compound luciferin and oxygen, using ATP as cofactor. Luciferin turns to the oxidized 
form oxoluciferin while ATP is hydrolysed into AMP + PPi. This process goes along with 
light emission, which is measurable and is quantitatively proportional to the available ATP. 
The ATP content of the healthy cells undergoes strict regulation. Bacterial cells contain in 
average 2.1x10-18 mol-ATP/cell [Lundin 1989].  
The optical reflectance assay is a non-invasive method to detect biofilm formation on 
surfaces. Here, a fibre optic probe is mounted facing the surface. The probe has two functions:  
illuminating light and receiving the reflection. A smooth surface with no adhering cells 
reflects the maximal amount of light. The formation of a biofilm leads to a scattering of the 
reflection, thus less reflection is collected by the probe. The scattering is not solely influenced 
by the cell amount but varies on many factors e.g. cell distribution in biofilm and the 
roughness of biofilm surface. For this reason, this method provides only semi-quantitative 
information about the biomass [Broschat et al. 2005]. In comparison to other optical methods, 
the fibre optic probe is inexpensive and portable. The easy handling and the simple design 
makes it suitable to be implemented in reactors or other systems. However, working optically, 
the probe is not applicable in e.g. turbid fluids.  
Another approach uses the electrically insulating character of the biofilm. When a 
sufficient amount of cells adheres to the surface of the electrodes, a change of electrical 
conductivity can be detected [Muñoz-Berbel et al. 2006]. However, it is known that material 
properties influence the biofilm formation. This affects the reliability of the detection, as the 
material of the electrodes usually differs from the surface of interest. Furthermore, because 
the flow line under investigation and around the electrode is not the same, the settlement 
behaviour of the biofilm is potentially different. The advantages of the method lie on the low 
cost and its flexibility to be integrated in complex systems. 
2. Visualization of biofilm structures 
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One of the most frequently applied methods to visualize biofilm architecture is confocal 
laser scanning microscopy (CLSM) combined with fluorescence staining. Nowadays, there 
are varieties of fluorescence dyes that stain different components of the cells, or EPS like 
nucleic acids, cell wall, or proteins. LIVE/DEAD BacLight assay allows differentiation of 
dead bacteria (stained in red fluorescence propidium iodide) from living bacteria (stained in 
green Syto9). CLSM visualizes only fluorescence, which means biofilm components that are 
not marked by the fluorescent dyes remain unobserved (unless the components show 
autofluorescence). A repeated scanning of the biofilm at the same area within a time period, 
which is known as time-lapse imaging, is possible using CLSM [Attik et al. 2013]. This 
allows short term observation of dynamic processes (hours) but it is not suitable for long term 
monitoring. For quantification purposes, CLSM images of biofilms can be analysed using 
softwares like ImageJ (http://rsbweb.nih.gov/ij).  
The development of other modern microscopic technologies provides an even larger 
variety of applications for biofilm studies. Electron microscopy gives 3-D images of biofilm 
architecture. Transmission electron microscopy (TEM) is used to visualize the inner layer of 
biofilms. For this purpose, the sample needs to be cut in ultra-thin slices. Scanning electron 
microscopy (SEM) in contrast, is used for imaging of the biofilm surface. As the analysis 
requires vacuum conditions, the sample has to be dehydrated prior to the analysis. This 
process is invasive and causes alteration of the biofilm structure, particularly the EPS. 
Advanced SEM methods, such as Cryo-SEM, avoid sample dehydration by using frozen 
samples. Another developed method, environment-SEM, is conducted in non-vacuum 
conditions, therefore neither sample dehydration nor freezing is required [Pantanella et al. 
2013]. 
Scanning transmission X-ray microscopy (STXM) can be applied for fully hydrated 
samples. It is applied to map biological macromolecules of the biofilm (nucleic acid, lipids, 
proteins, and polysaccharides) without adding fluorescence dyes. This is advantageous 
compared to CLSM as the dyes used in CLSM are toxic and require special disposal. 
Furthermore, no problem with unspecific staining is expected. The signal intensity in STXM 
gives quantitative information of the compounds. However, absorption saturation that caused 
artifacts has been reported [Lawrence et al. 2003].  
Atomic Force Microscopy (AFM) provides topographic imaging of the biofilm surface in 
high resolution. Biofilm samples are usually prepared by air-drying, thus the loss of biofilm 
structure is minimal in comparison to SEM. Advanced development of AFM allows fast 
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scanning, and therefore it can be used for real-time monitoring (of usually relative short time 
period of hours). As example, monitoring of EPS production and predator-prey interactions 
have been reported [Pantanella et al. 2013]. A limitation of AFM is related to the small 
penetration depth, so that only thin biofilms can be analysed.   
Microscopic methods are vital in biofilm studies as the biofilm architecture can only be 
understood by visualizing its compounds. The general drawback of these methods is the 
expensive equipment. Furthermore, the sample preparation process of some methods is 
invasive (e.g. staining, dehydration). Even though some microscopic methods are not invasive 
and allow repeated analysis to create time-lapse images or short periods of real-time 
monitoring, microscopy is not suitable for long term monitoring of biofilms.  
3. Analysis of the chemical composition 
Analysis of the chemical biofilms components can be carried out with various 
spectroscopic methods like mass spectrometry (MS), nuclear magnetic resonance 
spectroscopy (NMR), Raman spectroscopy, or Fourier transformation infrared spectroscopy 
(FTIR). These methods work based on various principles to reveal chemical composition of 
the biofilms e.g. proteins, lipids, polysaccharides, and nucleic acids. Spectroscopy is a non-
invasive approach and allows quantifications. The major drawback is the high equipment cost. 
4. Analysis of the biological composition 
To analyse the biological composition in mixed biofilms, various molecular genetic 
approaches are available. These approaches find applications in both, planktonic and biofilm 
systems. One well-established molecular tool is the polymerase chain reaction (PCR). In 
short, the basic of PCR is to amplify a specific region of bacterial DNA in several orders of 
magnitudes to a detectable amount. The reliability of this method depends strongly to the 
correct choice of the primers and the absence of contaminants. Both, DNA from living and 
dead cells will be amplified, thus no information of viability is provided. This method is very 
well developed to suit various analytic needs and conditions. As example, Lyautey et al 
[2005] reported the application of 16S rDNA based PCR-DGGE (denaturing gradient gel 
electrophoresis) to assess genetic fingerprint of bacterial river biofilms. 
A further molecular tool uses fluorescence in-situ hybridisation (FISH) probes. The probes 
attach to a specific region in cellular nucleic acid and the fluorescence of the probes is 
observed using CLSM. The highlight of this method is the observation of spatial distribution 
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of the species, which is useful e.g. to draw interspecies interactions within biofilm [Almeida 
et al. 2011]. 
5. Analysis of metabolic biofilm activity 
Metabolic activity in biofilms can be investigated using redox indicators. The non-
fluorescent dye Resazurin (7-Hydroxy-3H-phenoxazin-3-one 10-oxide, also known as Alamar 
Blue), is an example. Encountering metabolically active cells, Resazurin will be irreversibly 
reduced to pink-fluorescent Resorufin, which can be detected spectrophotometrically.  
XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) assay is 
a similar approach that utilizes the reduction of tetrazolium salt to formazan induced by 
bacterial respiration. The drawback of these methods is the strong dependency on the biofilm 
age and conditions that does not allow standardization of the methods [Honraet et al. 2005].  
More specific information about activity can be revealed by determining the metabolic 
consumption or formation rate of the different nutrients using microelectrodes. The available 
microelectrodes can be used for online measurement of substrates (e.g. glucose, ammonium), 
electron acceptors/donors (e.g. oxygen, sulphide), other compounds (e.g. chlorine), or 
environmental conditions (e.g. pH) [Lee et al. 2011]. The weaknesses are the invasive 
procedure by inserting the microsensors into the biofilm and that the measurements capture 
only local values, which vary in different spots or depths in the system. 
For some purposes, it is necessary to determine the overall activity using more general 
parameters such as heat production. Heat measurement using calorimetry has potential to be a 
valuable biofilm analytic tool with the promising benefits in its non-invasive, online 
measuring procedure, and real time data collection. In particular, the recently developed chip-
calorimetry has capacity for routine applications due to its small size and related high 
flexibility to be integrated into existing biofilm systems. 
2.3 Potential of calorimetry 
Calorimetry is a method to measure heat produced (exothermal reaction) or consumed 
(endothermal reaction) by a system as consequence of any physical or chemical processes. 
Since a series of chemical reactions is required for microbial growth or product formation, 
also bioprocesses show heat exchange with the environment. Thus, heat can be taken as a 
parameter to quantify the biological activity. This method has the advantages that the 
measurement is online and in real-time, no sample preparation is needed, and that the 
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measurement can be done with any material states (e.g. solid, liquid, or turbid solution). Due 
to the non-invasive measuring procedure, this method is also suitable for process monitoring. 
Calorimetry has been applied to study the thermodynamics of biological processes, which 
links biomass growth and product formation and the dissipated heat. The heat is directly 
connected to the stoichiometric coefficients (in biotechnology known as yield coefficients) via 
the law of Hess. Because the growth stoichiometry depends on metabolic pathways, 
calorimetry delivers real-time information about activation or inactivation of such pathways 
(e.g. Maskow and Babel [1998]). For the same reason, calorimetry can be applied to reveal 
the synthesis efficiency of protection molecules against salinity [Maskow and Babel 2000, 
Maskow and Kleinsteuber 2004]. Furthermore, calorimetry reveals stoichiometric changes 
during the synthesis of biopolymers [Maskow and Babel 2000], ectoine [Maskow and Babel 
2001] and lysine [Regestein et al. 2013]. Calorimetry was also proven to be useful to estimate 
growth rates and thereby to optimize bacterial high cell density cultivations of up to 120 g/L 
biomass for the purpose of recombinant protein production [Biener et al. 2010]. Application 
of heat monitoring for bioprocess control was also applied in eukaryotic cell cultivation 
[Sivaprakasam et al. 2011]. Larsson et al. [1991] used calorimetric monitoring to control 
glucose dosage to avoid crabtree effect on Saccharomyces cerevisiae. Overall, understanding 
the biothermodynamics is helpful in designing processes with optimized production yields 
[Maskow et al. 2006, von Stockar et al. 2008, von Stockar 2012].  
In other applications, the heat profile is used as a measure of the overall changes of the 
biological activity, for example after an introduction of toxic substances [Baldoni et al. 2010]. 
According to the same principle, calorimetry is used to detect microbial growth, which is 
reflected as elevated heat production. This was demonstrated to be a reliable and time-saving 
approach in detecting microbial contaminants in tap water samples [Maskow et al. 2012], 
medical implants [Schneiderbauer et al. 2010], and other clinical isolates [Baldoni et al. 
2009]. Bacterial strains utilize defined carbon sources in various pathways, which are 
reflected as strain specific heat profiles. This can allow differentiation of the bacterial 
contaminants, as demonstrated in some studies [Maskow et al. 2012, Zaharia et al. 2013]. In 
environmental microbiology, calorimetry is a valuable tool for fast determination of 
bioremediation process kinetics of pollutants [Buchholz et al. 2007]. This method is also 
applicable for kinetic studies of bioremediation of hydrophobic pollutants, which exist in 
aqueous solution only in trace concentrations [Mariana et al. 2010]. 
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Most of the calorimetric studies were performed in planktonic systems. However, since the 
physiology of planktonic cells differs from biofilm cells, the transfer of knowledge derived 
from experiments with planktonic cells to biofilm cells is questionable. First calorimetric 
studies on biofilms were performed by Weppen et al. [1991]. He cultivated biofilms on glass 
beads and correlated the calorimetrically measured heat with oxygen uptake. Following this 
experiment, several further calorimetric studies of surface associated bacteria were published 
[Wentzien et al. 1994, Morgan and Beezer 1998, Postollec et al. 2005, Hauser-Gerspach et al. 
2008]. These studies were carried out in closed ampoules without any stirring and substances 
exchange. This means that sheer stress, which is usually shaping the biofilm structure, is not 
exerted. Furthermore, due to the missing exchange of substances, the chemical environment is 
changing due to nutrient consumption and waste accumulation. Also, in a closed static 
system, planktonic cells are not flushed out; the heat production from biofilm and from 
planktonic cells overlaps and cannot be measured separately. Therefore, the interpretation of 
calorimetric measurements of biofilms in closed ampoules is difficult. A solution is a flow-
through system that flushes detached cells out, allows media exchange, and exerts some sheer 
stress. The measured signal in flow-through system is dominated by the biofilm cells and the 
biofilm architecture is comparable to the architecture of natural biofilms.  
Early biofilm studies in flow-through system were successfully performed by von Rege 
and Sand [1998] and Peitzsch et al. [2008] with conventional flow-through microcalorimetry. 
The weaknesses of these approaches are the difficulties to change the substratum and the very 
limited flexibility for integration in other system. Furthermore, the construction of the 
conventional microcalorimeter requires the biofilm cultivation to be carried out in the device. 
In many cases (e.g. in study of biofilm inactivation), the real measurement duration (from few 
hours to more than a day) is much shorter than the cultivation duration (several days). This 
means, the device is occupied for a long period and not available for other measurements. A 
more practical design should maximize the measurement throughput by allowing the 
cultivation of biofilms outside the calorimeter and the transfer of pre-cultivated biofilms in the 
calorimeter just for the measurement. 
2.4 New calorimeter developments  
Although the recent conventional calorimeters achieve an extraordinary sensitivity of 50 
nW or 1.2 × 10−5 W/L (www.tainstruments.com), calorimeters do not belong to the standard 
equipment of biochemical, microbiological, or biotechnological researches. This is all the 
more surprising, considering that the sensitivity is relatively high (corresponds to oxygen 
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consumption of 8 mg/L in 105 days or to a respiratory glucose consumption rate of 0.015 
µM/h or 3 μg/(L h)). The details are given in [Maskow et al. 2011]. The main reasons that 
hold back the application of calorimetry as a routine method are the inability for high-
throughput measurements, the lack of flexibility to combine calorimetric monitoring with 
other established techniques, the high sample size, and the cost for the instrument.    
In the past few years, new calorimeters have been designed to overcome these weaknesses. 
Special calorimetric monitoring devices were designed to be integrated into optimized 
bioreactors [Schubert et al. 2007, Biener et al. 2010, Regenstein et al. 2013]. The world leader 
manufacture in calorimetry, TA Instruments (USA), brought a 48 channel instrument to the 
market, which is suitable for screening experiments (http://www.tainstruments.com). A 
calorimetric analogue to the established 48 well standard plate was developed by a Swedish 
company (SymCel Sverige AB) and called calScreener™ (http://www.symcel.se).   
Another development focused on the reduction of the calorimeter size. This is not only to 
minimize the sample volume and thus to reduce the experimental costs, but also to achieve 
higher flexibility to combine calorimetry with other methods. The miniaturization of 
calorimeters is achieved by using a chip as main core of the device, therefore they are known 
as chip-calorimeters. There are variations of chip-calorimeters, which are developed 
independently from each other and work with different principles. To mention some 
examples, the chip based calorimeter developed for measuring heat capacities of small sample 
volumes [Winter and Höhne 2003] works with heat pulse technique, while the calorimeter 
developed by Caltech [Lee et al. 2009] is equipped with microfluidic components and 
facilitates high thermal insulation by using on-chip vacuum encapsulation. The term chip-
calorimetry applied in this work refers to the one developed at the Technical University 
Bergakademie of Freiberg, which has a suitable principle to be applied for biofilm studies 
(this will be explained in detail in the next chapter). 
2.4.1. Chip-calorimetry 
The beginnings of the development of chip-calorimetry date back three decades. One of the 
first integrated thin film thermopiles using polysilicon and gold was designed and used as an 
infrared detector in 1982 [Lahiji and Kensall 1982]. A more detailed review about the history 
and future, applications, advantages and weaknesses of chip-calorimeter is given in [Lerchner 
et al. 2008, Maskow et al. 2011].  The chip-calorimeter, which was used in this work was 
invented in the year 2006 [Lerchner et al. 2006] and is further developed until now. It 
analyzes samples of few µL volume. The small dimension has the advantages of short 
 equilibration time, well defined heat paths, 
chemicals used for the experi
other experimental setups. 
The core of the device is a 
(constructed by the Institute of Photonic Technology, Jena, Germany)
heat flow into a voltage signal (
comes in direct contact with the measurement chamber to optimize heat transfer from the 
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thermopiles measure independently, 
measurement. Another possible 
is to use of one thermopile to monitor changes i
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Figure 2   Silicone chip with four integrated thin film thermopiles (a); Measurement chamber is to be placed upside 
down on the silicone chip. 
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Figure 4 Experimental design of
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Figure 5  Examples of chip-calorimetric signals in: (a) control measurement. After signal disturbance caused by 
medium injection, the signal returns to baseline; (b) while in active biofilm
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3. Objectives 
The significance of biofilm and biofilm control investigations indicates an essential need of 
suitable analytical tools, which complement the existing methods. Therefore, the first 
objective of this work is to establish chip-calorimetry as a potential standard method 
applicable in biofilm studies, with the advantages of the non-invasive handling, online 
measurement, and real-time data acquisition. In particular, this method is expected to provide 
information about the metabolic activity. Thus, it should also be applicable to determine the 
effectiveness of antimicrobial chemical and biological agents against biofilms. Furthermore, 
as the interactions of biofilms and various agents are expressed in various changes of the 
metabolism, the second objective of this work is to use the alteration of heat production rate to 
get information about the biological background processes.  
For these proof-of-principle purposes, monoculture biofilms of model bacterial strains 
Pseudomonas putida or Pseudomonas species were used. Antibiotics are very common agents 
used to eradicate biofilms. Thus, the first experiments were carried out to test and compare 
two antibiotics from different classes; the aminoglycoside kanamycin with bactericidal action 
and the tetracycline with bacteriostatic action. The next experiments were carried out using 
two examples of biological agents; predatory bacteria and bacteriophages. 
A further objective was to test the advance development of chip-calorimetry towards the 
potential of automation and high-throughput measurement. The strategy was to grow biofilms 
on super paramagnetic beads that can be easily transferred out from the chamber after the 
measurement.     
The interaction of bacteriophages and Pseudomonas was further analysed in an attempt to 
quantitatively relate the change in heat production and the multiplicity of infection (MOI) 
factor. This analysis was carried out in a planktonic system in a microcalorimeter, which has a 
higher volume relative sensitivity than the chip-calorimeter. This experiment led to an 
additional question, whether the oxygen bioavailability in microcalorimetric measurements is 
limited due to the static, non-stirred ampoule design. 
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4. Results and discussion 
After establishing the chip-calorimeter, its qualification for biofilm measurements and the 
testing, the questions about the special information potential of calorimetry and its future 
application field have to be answered.   
4.1 Information potential of calorimetry for biofilm eradication with 
chemicals/antibiotics  
Since the first discovery in 1928 by Sir Alexander Fleming [Fleming 1929], antibiotics are 
used in frontline against bacterial infections. The questions for this part of work were if 
calorimetry is helpful to investigate such countermeasures against biofilms, what information 
in addition to the pure monitoring does calorimetry provide, and how to interpret the 
calorimetric signal. 
To answer these questions, chip-calorimetry was applied to measure the response of the 
biofilm activity on antibiotic dosage. The results of the calorimetric measurements were 
combined with established reference methods such as plate counts, ATP analysis, and 
biovolume quantification of CLSM images. For this purpose, biofilms of Pseudomonas putida 
PAW340 were grown identically in several chambers. One of these chambers was monitored 
chip-calorimetrically, others were treated with the same nutrient and flow regime outside the 
calorimeter for reference analysis. At distinct time intervals, reference chambers were 
disconnected and used for plate counts, ATP analysis, or CLSM imaging [Mariana F et al. 
2013].  
 
Figure 6  Comparison of heat profile (displayed as signal shifts) with cfu numbers and ATP concentration for an 
undisturbed growing biofilm (control experiment). The vertical bars indicate the standard deviations of the 
respective parameters. [Mariana et al. 2013] 
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A control experiment with undisturbed growing biofilm was carried out to demonstrate the 
general suitability of chip-calorimetry for biofilm studies (Fig. 6). The dynamics of the 
measured heat production rate was similar to those of reference experiments mentioned 
above. Combining the results from the heat measurement and the reference experiments, heat 
production vs. cell number (Fig. 7) and ATP content (Tab. 1), cell specific parameters were 
determined. These parameters (i.e. cell specific heat production rate of (0.8 – 1.7) pW/cell; 
cell specific ATP content of (3.0 – 3.4) x 10-18 mol/cell) agreed well with literature values 
[Buchholz et al 2012, Lundin 1989]. 
 
Figure 7 Decrease of heat signals (signal shifts) compared to cfu in (a) kanamycin- and (b) tetracycline-treated 
biofilms. [Mariana et al. 2013] 
 
Table 1 Changes of the intracellular ATP content in biofilms treated with 30 mg/L or 60 mg/L of kanamycin or (b) 
tetracycline compared to the heat production rates; Values marked with ** were close to the measuring 
threshold. [Mariana et al. 2013] 
 
The antibiotics used for exploring the analytical potential of calorimetry were tetracycline 
(an example for bacteriostatic action) and kanamycin (for bactericidal action). These 
(a) (b) 
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antibiotics were chosen because of their biochemical properties and the well-known key 
resistance mechanisms of Pseudomonas. This knowledge is useful for a better interpretation 
of the heat profiles.  
Upon addition of tetracycline, the heat production of the biofilm decreased. However, the 
specific heat production increased because the other parameter (i.e. colony forming units 
(cfu), the biovolume, and ATP content) decreased in much stronger extent than the heat 
production. The elevated heat production per cell could be explained by understanding the 
effects of the antibiotic to the bacterial cells. Tetracycline acts bacteriostatic by binding to the 
bacterial 30S ribosomal subunit, and thus prevents cell multiplication. Against tetracycline, 
Pseudomonas is known to develop resistance mechanisms such as efflux systems or 
ribosomal conformation changes that avoid tetracycline binding [Taylor and Chau 1996]. An 
active efflux system requires ATP, thus it drives electron transport phosphorylation and the 
consequence is reflected as elevated specific heat production rate. Also ribosomal 
conformation change mechanisms require energy because they involve synthesis of specific 
proteins.  
 
Figure 8 Comparison of heat production rates and biovolumes extracted from CLSM image series. All biofilm 
samples were cultivated in parallel, starting with the same preculture. Thus the initial biovolume (at 0 h) is 
displayed only once. The control sample (untreated biofilm) at 48 h is shown for comparison. [Mariana et 
al. 2013] 
Kanamycin is a bactericidal antibiotic that kills cells by binding irreversibly to ribosome 
and 16S rRNA. Thereby, the protein synthesis mechanism is interfered and the produced 
proteins might be non-functional or toxic. Well-known resistance mechanisms against 
kanamycin are efflux systems and enzymatic modification of kanamycin with aminoglycoside 
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phosphoryltransferase [Poole 2005, Esparragon et al. 1999]. Both mechanisms are also energy 
depending and an elevated cell specific heat production rate was expected. Biofilms treated 
with kanamycin were found to maintain the total heat production rate during the first hours 
while the biovolume dropped significantly (Fig. 8). The specific heat production rate thus 
increased as expected to be the reflection of the activated bacterial defence mechanisms. The 
cfu number decreased significantly faster than the biovolume and heat production (Fig. 7, Fig. 
8), which means that the loss of ability to multiply and to form colonies occurred while the 
cells still remained (observable by CLSM) and maintained their activity (heat production) for 
a longer period. Upon the kanamycin introduction, the ATP content was no longer 
proportional to the cell amount (Tab. 1). The regulation of the ATP household seemed to be 
strongly interfered, thus ATP measurements are generally not reliable for cell quantification 
during antibiotic treatments.  
This study confirmed the potential of chip-calorimetry as a valuable monitoring tool for 
biofilm treatments by using heat production as parameter for overall biofilm activity. Most 
important, calorimetry allows quantitative evaluation of the efficacy of the antibiotic 
treatments in a very simple way. The results are available after a short time, which is 
important for decisions about the therapeutic application of antibiotics e.g. in case of 
infections. In addition, calorimetry provides some information about of the mode of action of 
the applied antibiotics and the activated resistance mechanisms, while the established methods 
plate counts and microscopy showed only inactivation effects (decrease of cfu and 
biovolume).  
The widely applied plate counts method reveals information in the level of the culturability 
of the cells. However, the loss of cell ability to multiply does not necessarily represent 
microbial activity loss or the killing of the cells. Taking the result of the kanamycin treatment 
as an example, where the cfu number dropped significantly faster than the reduction of 
activity, the plate counts method could lead to an overestimation of the antibiotic 
susceptibility. For instance in medical applications, information about the activity is more 
relevant than about culturability, e.g. when dosage and duration of antibiotic treatments have 
to be determined.  
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4.2 Information potential of calorimetry concerning biofilm 
eradication using biological agents 
The impact of two different biological agents (predatory bacteria and bacteriophages) on 
biofilm growth was determined with chip-calorimetry. Other approaches (conventional 
microcalorimetry, CLSM, plate counts) were used to get important background information 
and to verify the chip-calorimetric data.  
Calorimetric investigation of biofilm inactivation with phages is particularly interesting 
because phages are inanimate objects and do not have an own metabolism. Any changes of 
the heat production rate thus relate to the biofilm activity. In contrast, predatory bacteria are 
metabolically active. The metabolic activity of the predator will add to the metabolic activity 
of the biofilms and thus further investigation to describe the share of the heat source had to be 
carried out.  
4.2.1 Biofilm eradication with predatory microorganisms 
For analyzing the information potential of calorimetry concerning the application of 
biological agents, biofilms of Pseudomonas sp. were challenged with predatory bacteria, 
strain Bdellovibrio bacteriovorus in the chip-calorimeter [Buchholz et al. 2012]. B. 
bacteriovourus was the first discovered bacterial predator and is frequently used as a model in 
bacterial predator-prey systems. It attacks broadly gram negative bacteria and is obligate 
parasitic, which means it only replicates in the presence of prey. Highly motile B. 
bacteriovourus cells attack prey cells, invade the periplasmatic space and multiply there, 
consuming cell constituents as nutrients. During that process, the prey cells deform into a 
Bdelloplast. The lysis of the outer cell membrane releases the new B. bacteriovourus cells 
(Fig. 9).  
 
Figure 9 Schematic picture of the predatory cycle of Bdellovibrio (yellow) on Pseudomonas (blue). Figure from Max-
Planck-Institute for Developmental Biology/Rendulic, Berger und Schuster. 
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The effect of B. bacteriovourus on established biofilms and to prevent biofilm formation 
was tested. Chip-calorimetry was used in combination with CLSM that allows the 
determination of the biovolume of the biofilms. Additionally, CLSM gives complementary 
information about the state of infection: the uninfected Pseudomonas (rod-shaped cells), 
infected cells (round bdelloblasts), and Bdellovibrio (small, comma-shaped cells).  
In established biofilms the heat production rate started to decline immediately after the 
introduction of B. bacteriovourus. In contrast, the reduction of biomass occurred in a 
significant time delay (> 6h) (Fig. 10). This interesting fact was a consequence of the early 
termination of the metabolisms of the infected prey cells. It has been studied that the 
respiration of the infected cells stops in the early stage of infection [Rittenberg and Shilo 
1970]. Since respiration is directly related to the heat production by the oxycaloric equivalent, 
the termination of respiration results in a decrease of heat production. 
 
Figure 10 Comparison of heat production rate and biovolume of Pseudomonas sp. biofilm treated with B. 
bacteriovorus. [Buchholz et al. 2012] 
In the experiment where the B. bacteriovourus was introduced during the biofilm 
formation phase, CLSM analysis agreed with the chip-calorimetric data that presence of the 
predatory bacteria prevented biofilm establishment. Chip-calorimetry was demonstrated as an 
applicable tool to monitor the eradication of biofilm with predatory bacteria and was 
additionally able to reveal the early termination of the prey metabolism after the infection.  
To determine the share of heat production caused by the predator and by the prey, 
additional experiments were carried out in a conventional isothermal microcalorimeter/IMC 
(TAM III, Multicalorimeter, TA Instruments, New Castle, DE, USA). This calorimeter has 
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higher volume related sensitivity (8 x 10-5 W/L; σP=200 nW, 2.5 mL filling volume) 
compared to the chip-calorimeter (2 x 10-3 W/L). However it is difficult to perform flow-
through measurements in IMC, so that the experiments were done with planktonic bacteria. 
Fig. 11 (a) and (b) show the titrations of B. bacteriovorus to a suspension of heat-inactivated 
Pseudomonas sp. in HM buffer. By dividing the value by the cell number of B. 
bacteriovorus,and extrapolating the data result to time zero, a specific heat production rate of 
(17.0 ± 2.0) fW per preying B. bacteriovorus cell was calculated. These results showed that 
the share of heat production from prey cells is small in comparison to the heat signals detected 
in chip-calorimetry, probably related to the smaller cell size of predatory bacteria. In the chip-
calorimetric experiments, the share of the heat production from B. bacteriovourus was 
negligible as it was in the range of the signal noise. The heat signal in chip-calorimetry was 
thus dominated by the activity of the prey biofilms. 
 
Figure 11 (a) Comparison of heat production rate of B. bacteriovorus (109 cells/mL) injected in cell-free buffer and in 
buffer containing heat-inactivated Pseudomonas sp. (5 x 108 cells/mL); (b)Heat production rates of 
suspensions of Pseudomonas sp. (5 x 108 cells/mL) and mixtures of Pseudomonas sp. (5 x 108 cells/mL) with 
different concentrations of B. bacteriovorus. [Buchholz et al. 2012] 
 
4.2.2 Biofilm eradication with bacteriophages  
Bacteriophages are viruses, which use bacteria as host to replicate. Following the phage 
attachment to the host cell, the phage DNA is transferred into the cell. The metabolism of the 
infected host cell is switched into synthesizing phage components. At the end of the infection, 
the cell wall is disrupted to release the new phage particles (Fig. 12). 
(a) (b) 
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Figure 12 Schematic picture of the lytic cycle of bacteriophage infection. Figure from www.quia.com 
(http://www.quia.com/jg/1272861list.html). 
Our example phage (Bacteriophage Psp1) was first discovered in year 1995 [Campbell et 
al. 1995]. This phage was chosen because it disrupts the host cells by multiplying in lytic 
cycle. Additionally, the phage Psp1 is ubiquitary in soil and uses soil bacteria Pseudomonas 
putida MM1 as host. On agar plates, this phage forms clear, large plaques (3 mm), which 
allows easier numeration of phage titre compared to phages with smaller or turbid plaques. 
4.2.2.1 Chip-calorimetric monitoring 
Chip-calorimetry was applied to monitor heat production of P. putida MM1 biofilm upon 
continuous treatment with the phage [Mariana Morais et al. 2013]. An increase of specific 
heat production rate per host cell in the first hours was concluded from increased heat 
production rate on the contrary of a substantial biovolume reduction. This was discussed as a 
consequence of the energy depending processes during the phage infection.  
The results from both, chip-calorimetry and CLSM observation (Fig. 13), agreed that the 
phage treatment did not yield a complete eradication of the biofilms. After >20 h of phage 
treatment, a small fraction of biovolume still remained and chip-calorimetry detected a low 
heat signal above the limit of detection. This observation is in agreement with several studies 
on biofilm reduction by bacteriophages, which did not lead to a complete eradication of the 
biofilms [Lacqua et al. 2006, Fu et al. 2010, Siringan et al. 2011]. 
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Figure 13 Evolution of heat profile, phage titre, and biovolume of a P. putida biofilm after a continuous treatment 
with bacteriophages. [Mariana Morais et al. 2014] 
In the preventive application of bacteriophage no increase of heat production rate was 
observed within the duration of the experiment (Fig. 14). This finding of effective prevention 
was additionally confirmed microscopically. 
 
Figure 14 Evolution of heat profile, phage titre, and biovolume for a P. putida biofilm infected with phage at early 
stage. [Mariana Morais et al. 2014] 
 
4.2.2.2 Energy burst related to bacteriophage infection 
(microcalorimetric analysis) 
The interesting observation about the alteration of the specific heat production rate related 
to phage infection triggered further research to determine the energetics of infected bacteria, 
quantitatively. For this purpose experiments were carried out in planktonic systems in a 
highly sensitive multichannel IMC (described in chapter 4.2.1).  
  The experiments were done in 4-mL glass ampoules, which were modified to allow the 
addition of the phage solution as described in detail by Manneck et al. [2011]. Briefly, needles 
 of disposable syringes containing phage suspension (100 µL
through the rubber lids of the glass ampoules conta
containing (2.5 ± 0.3) x 108 cfu
given to record a baseline, which represents 
Afterwards, the phage solutions were injected and the data were recorded 
Phage titres of the stock phage solution were 
The experiment result is shown in 
bacteria is seen. At the time of titration
thermal equilibration of the phage suspension in the syringe and a certain mixing heat. 
Immediately after titration, bacterial suspension produced additional heat proportional to the 
number of added phage particles. After abo
to completed phage propagation and killing of infected bacteria. 
of the chip calorimetric experiments,
remained on a stable level above zero. The remaining activity was confirmed by additional 
respirometric measurements and can be attributed to bacteria
attack of the phages. 
Figure 15 Heat production rate of P. puti
suspension was added at 1.7 h.
To quantify the heat production rate enhanced by phage infection 
required. The following simple model 
explain any kinetic details and data outside o
of infection). The cell specific heat production rate of non
from the heat production rate before titration
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the heat production of non
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Fig. 15. Initially, the metabolic heat of non
 (1.7h), a heat peak was observed due to imperfect 
ut 4 hours the heat signal declined, potentially due 
In agreement with  
 even after an extended time (> 9 hours)
 which were r
da treated with different concentrations of phage particles. 
 
a thermokinetic model
provides energetic information rather than claiming to 
f the considered MOI range (MOI: 
-infected cells UAk
 beforeQ& and the cell concentration
 
-infected bacteria. 
for the next 24 h. 
 
-infected 
the results 
 the heat signal 
esistant to the 
 
The phage 
 is 
multiplicity 
 can be estimated 
 N (Eq. 1).  
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NkQ UAbefore =&
          (1) 
The probability of infection of one bacterium by one or more phage particles P(n>1) after 
titration depends on the MOI number (Eq. 2) [Flint et al. 2009]. 
( ) MOIen --11P =>
          (2) 
This probability multiplied by the total concentration of bacteria gives the number of 
infected bacteria. The infected bacterium contributes to the heat signal with an enhanced heat 
production rate Ik . The heat production after titration afterQ& can then be estimated (Eq. 3). 
( ) ( )( )1P-11after >+>= nNknPNkQ UAI&
      (3) 
Thus, the increase of heat production rate upon phage titration beforeQ&&& -QQ after=∆  provides 
information about the increase in the cell specific heat production rate due to phage infection 
(kI – kUA) (Eq. 4).  
( ) ( )MOIUA eNkQ -I -1-k=∆ &
        (4) 
Plotting of Q&∆ versus MOIe-  is expected to be a linear function with a slope of 
( ) NkUA-k- I and an intercept of ( ) NkUAI -k . Slope and intercept are expected to have the 
same value but with reversed signs. Indeed, such linear correlation with the slope of (- 13.3 ± 
3.6) mW l-1 and an intercept of (14.4 ± 2.4) mW l-1 was experimentally found (Fig. 16). As 
predicted, the moduli of slope and intercept are equal. The relatively large error can be 
ascribed to the simple experimental setup, the simplicity of the model and the signal dynamics 
after titration.  
From our model and the respective microcalorimetric measurements, the heat production 
rates were estimated for non-infected cells as (kUA = 0.82 pW cell-1), and for infected cells as 
(kI = 1.03 pW cell-1). The kUA value is in the previously reported range for P. putida, which 
produced 0.13 pW cell-1 growing in biofilms on benzoate as sole source of carbon and energy 
[Lerchner et al. 2008], while growing in biofilms on a complex nutrient rich medium 
generated up to 2.4 pW cell-1 [Buchholz et al. 2012]. On average, infected bacteria produced 
about 25% more heat than non-infected cells.  
 Figure 16  Difference of heat production before and after phage treatment 
( MOIe-  ) according to eq. 4
To explain the enhanced heat production rate observed after adding phage particles to 
planktonically growing P. putida
First, phage particles physically adsorbed 
barrier to irreversibly attach to receptor sites. Moldovan et al. 
while studying λ-phage adsorption. Grayson and Moline
for the translocation of viral DNA. Following DNA penetration, the host machinery will be 
used to multiply viral nucleic acid and synthesiz
multiplication [Abedon 1994].
motor of negatively charged DNA. 
which is typically influenced by the two protein systems holin and endolysin
2000]. The synthesis of phage material requires most biological usable energy of
steps and is thus dominating the metabolic heat.
related processes seemed to be reflected as an elevated specific heat production rate of the 
infected cells compared to non
Furthermore, the remaining calorimetric 
after addition of phages) indicates
Different resistance mechanisms such as the prevention of phage adsorption and phage DNA 
entry and the restriction of phage nucleic acids are known
processes require energy, thereby
able to maintain themselves rather than multiplying
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 cells, the main steps of the phage infection were 
to the bacterial surface need to overcome an entropy 
[2007] calculated this value 
ux [2007] discussed the driving force 
e coat proteins and enzymes driving 
 Rao and Feiss [2008] described the ATP-dependent 
The infection cycle ends with the lysis of the host cells, 
 The energy consumption of these infection 
-infected cells.  
signal at the end of the experiments (10 to 24 h 
 that some cells evolved resistance against phage infection. 
 [Labrie et al. 
 burdening the metabolism to an extent that
. 
 
   
considered. 
packaging 
 [Wang et al. 
 all of these 
2010]. These 
 cells are just 
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The elevation of specific heat production rate was observed in both chip-calorimetric and 
IMC experiments, and reasonable explanations have been discussed. However, the 
experimental setup in the microcalorimeter raised the question of oxygen bioavailability in the 
static ampoules. This will be discussed in the next chapter. 
4.3 Limitations of the information potential of calorimetry by oxygen 
bioavailibility  
Isothermal microcalorimetry (IMC) in closed ampoules is one of the most widely used 
calorimetric methods in microbiological and cell biological routine analytics and research. 
One reason is the development of a commercial microcalorimeter that holds an array of up to 
48 vessels for high-throughput analysis (Thermal Activity Monitor™ 
(www.tainstruments.com); CalScreener™ (www.symcel.se)). Furthermore, it benefits from 
the simple experimental design, where the samples are placed in closed ampoules and 
measured. Besides easier manual handling, the simple design without agitation or stirring also 
minimizes signal noise and achieves a high detection limit of ~10-5 W/L. However, 
particularly for biological experiments, oxygen diffusion into the liquid phase is in such static 
experimental designs not promoted and limitation might occur. 
In this part of the thesis, experimental data and mathematical modelling were combined in 
order to quantitatively address the potential distortions of the calorimetric signal due to 
limitations of oxygen bioavailability [Maskow et al. 2014]. The experiments were carried out 
with an obligate aerobic Pseudomonas putida strain to exclude heat production from 
anaerobic metabolic processes. Additionally, model simulations with a hypothetical strain 
were carried out to check the consequences for microorganisms with a mixed metabolism 
(Fig. 17).  
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Figure 17 Heat production rate (solid line) and part of respiration on the total metabolism (dashed line) for the 
growth of a hypothetical microorganism without (a) and with (b) oxygen diffusion. [Maskow et al. 2014] 
Surprisingly, it was found that diffusion in microcalorimetric experiments governs the heat 
flow to a much higher extent than hitherto assumed. This has strong consequences on the 
numerous applications of IMC experiments with closed ampoules in medicine, environmental 
research, food safety, and biotechnology. Only at the very early beginning of the experiment, 
when the dissolved oxygen concentration is sufficient, the heat production rate is related to 
the properties of the organism under investigation (e.g. µMAX). Later, the oxygen diffusion 
governs the heat pattern (Fig. 18). This has enormous consequences not only for 
calorimetrically derived maximum specific growth rates but also for toxicity properties and 
measured interactions of microorganism with antibiotics, biocides, bacteriophages, and 
predatory bacteria. The consequences of these findings are: 
• The heat signal should be interpreted biologically only up to a certain threshold. The 
threshold depends on the experiment condition, for instance 95 J/L at 37o C. It is the heat 
which correlates to the amount of dissolved oxygen via the oxycaloric equivalent.   
• Heat signals above this threshold can be biologically interpreted if the ampoule is 
sufficiently homogenized (e.g. via shaking or stirring).  
(b) (a) 
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Figure 18 Growth of P. putida on tryptic soy medium under different conditions at 25⁰C. [Maskow et al. 2014] 
Alternatively, the oxygen bioavailability can be promoted by locating the biomass near the 
phase boundary. This can be done cultivating the biomass on a disk near the medium surface. 
Another way is by increasing the medium density using Percoll to float the biomass near the 
surface and reduce the diffusion path (Fig. 19). 
 
Figure 19 Influence of Percoll on the growth of P. putida on tryptic soy medium at 25⁰C. [Maskow et al. 2014] 
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In relation to the phage infection experiments in microcalorimetry (Chapter 4.2.2.2), now it 
is clear that the experiments were carried out under limited oxygen bioavailibility and the 
metabolism was strongly defined by the diffusion. This means that the results have to be 
interpreted with care and have to be repeated under conditions of better oxygen 
bioavailability. 
4.4 Chip-calorimetric analysis of biofilms growing on 
superparamagnetic beads  
As a development towards high throughput analysis, the chip-calorimeter was modified 
using so-called biomagnetic separation (BMS) technique [Lerchner et al. 2012]. The principle 
of this technique was to grow biofilms on magnetic beads, which would be transferred 
through the measurement chamber by a mechanically driven permanent magnet outside the 
chamber. The beads are positioned in the thermopile segments during the measurements. 
After the measurement the permanent magnet is withdrawn and the beads are released into the 
beads trap below. Depending on the experimental design, the beads can be removed or 
transferred in the capillary system for the next measurement cycles. 
In this work, this advanced technique was tested for investigation of the toxic effect of Ag-
nanoparticles (AgNps) on biofilms [Hartmann et al. 2013]. For this, biofilms of P. putida 
were grown on surface-unmodified agarose beads containing superparamagnetic iron oxide 
particle. The attachment of cells and the biofilm formation on the beads was confirmed by 
quantification with crystal violet and visualisation using CLSM.  
A defined volume of the cultivated beads was used for each chip-calorimetric measurement 
by transferring it into the chamber in the measurement position. Nutrient solutions with 
various concentrations of AgNps were injected and the induced heat signal was recorded. The 
results of the experiment showed biofilm killing and growth inhibition depending on AgNp 
concentrations (Fig. 20). At the lowest concentration (0.01 mg/L) AgNp did not significantly 
affect the biofilm. 0.08 mg/L AgNp inactivated biofilm within 2 h and was able to reduce 
biofilm formation if applied preventively. Higher concentration of AgNp (0.5 mg/L) was able 
to eradicate biofilm. 
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Figure 20 (a) Growth inhibition and (b) inactivation experiments of beads-grown P. putida biofilms using various 
AgNP concentrations. [Hartmann et al. 2013] 
  
(a) (b) 
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5. Conclusion/Outlook 
In this thesis biofilms were investigated using new, prototypic chip-calorimetry. The 
principle of the method is the measurement of heat production, which is coupled to the 
biological metabolism. A change of heat production rate is therefore a reflection of altered 
bacterial metabolism and physiology. 
This work demonstrated that combination of calorimetry with other quantitative methods 
such as plate counts, ATP measurements, and CLSM reveals increasing specific metabolic 
activity in the studied biofilms upon antibiotic treatment. This effect was observed with both 
tested antibiotics. Literature findings about the bacterial defence mechanisms against these 
antibiotics provide reasonable explanations. Efflux systems, ribosomal conformation changes, 
and enzymatic modification of the antibiotic consume biological energy and thus are reflected 
in elevated cell specific heat productions. 
Also the addition of bacteriophages to the biofilm system resulted in elevated heat 
production, which is presumably linked to the additional processes in the phage infection 
mechanism (phage adsorption, synthesis of new phage particles, and release of new phages). 
Further investigation using a microcalorimeter revealed a dependency of the elevated heat 
production to the value of MOI. 
A surprising observation was made for the biofilms challenged with other biological 
agents, predatory bacteria. In contrast to the inanimate bacteriophages, predatory bacteria B. 
bacteriovorus is metabolically active. Adding predatory bacteria to the biofilms means the 
addition of the metabolic heat from both strains. However, instead of an increase in detected 
heat production, it was responded by decline of both total and specific heat production. This 
indicated that the metabolism of the infected biofilm cells was stopped while the metabolisms 
of the predatory bacteria were very low and did not contribute significantly to the total heat 
production (proved in additional experiments using microcalorimetry).  
This work demonstrated calorimetry as a valuable tool for microbial analytics, which 
provides important information about changes in metabolisms. It benefits from the online and 
real-time data acquisition, and the non-invasive handling. Sample fixation and staining are not 
required. With these advantages, calorimetry is therefore suitable for monitoring purposes. 
The most common commercially available calorimeters are either reaction calorimeters 
(working volume 0.5 – 2 L) or isothermal microcalorimeters (0.0005 – 0.02 L). For biofilm 
investigations however, these reactor type or static calorimeters are not optimal because the 
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cells detached from biofilm remain in the system, thus the generated heat will interfere with 
the heat from biofilm. Furthermore, unless the amount of active cells in the system is very 
low, static calorimeters face an issue of oxygen limitation, in which the biological metabolic 
rate is defined by the rate of oxygen diffusion from the head space. In the chip-calorimeter, 
these problems are avoided with the flow-through system that allows detached cells to be 
washed out, while the injection of fresh medium supplies dissolved oxygen.   
Compared to a commercially available flow-through calorimeter, chip-calorimetry has the 
advantages of the relatively low price and its flexibility. The small size allows shorter 
equilibration time, minimal medium consumption, and easier integration in technical systems 
[Regenstein et al. 2013]. Furthermore, the material or surface of the exchangeable measuring 
chamber can be modified if necessary. However, in order to be applied in broader routine, this 
prototype has to be improved further.  
Particularly interesting is the potential development of chip-calorimetry to allow 
automation and high-throughput analysis. An option to achieve high throughput is to develop 
a multichannel chip-calorimeter, allowing parallel measurements of several samples. 
However, if several measuring channels are mounted within one (double) thermostat and not 
isolated separately, cross-talk phenomena between the channels are expected to bias the 
signal.  
Alternatively, for analysis of planktonic cell cultures, high-throughput measurements in 
single channel instruments are possible using inert liquid to separate segments of samples. 
This technique is called segmented fluid technology. An example of a possible inert liquid is 
tetramethylsilane (TMS). The character of the inert liquid should facilitate a complete 
separation of the liquid samples and it should form a thin film between the sample and the 
tube/chamber surface to avoid both direct and indirect mixing of the samples. A computer 
programmed injection system of samples and inert liquid will support a complete automation 
of the method.  
In biofilm systems, an attempt for high throughput and automation had been demonstrated 
using an implementation of biomagnetic separation technique. This method was successfully 
applied to analyse the metabolic activity of cells immobilized on the beads [Lerchner et al 
2012] and to study the inhibition effect of Ag nanoparticle (AgNp) on biofilms growing the 
beads [Hartmann et al 2013].  
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